INTRODUCTION {#S1}
============

Human noroviruses (HuNoVs) are a significant cause of gastroenteritis outbreaks across the globe. Since the introduction of effective rotavirus vaccines, they have become the leading cause of severe childhood diarrhea in the United States ([@R1],[@R2]), a trend that is likely true globally ([@R3],[@R4]). They are also the principal cause of foodborne disease outbreaks ([@R5]). Recent data suggest that HuNoV infections in children under five years of age cause approximately 1 million annual health care visits and cost over \$273 million in the United States alone ([@R2]), and that foodborne HuNoV infections cost \$6 billion each year ([@R6]). Overall, the disease burden caused by these enteric pathogens is extremely high and development of HuNoV vaccines is a critical need. A major concern in HuNoV vaccine development is that natural infection fails to elicit long-lasting protective immunity ([@R7]--[@R9]). The basis of this suboptimal memory immune response is unclear so it is difficult to predict whether HuNoV vaccines will suffer from the same immunological insufficiency. Initial results of clinical trials testing HuNoV virus-like particles (VLPs) as vaccines indicate that they provide modest protection from severe disease during a live virus challenge if the infection occurs within one month of immunization ([@R10],[@R11]). However, virus-specific antibody responses elicited by the VLPs waned within six months ([@R12]). Elucidating NoV interactions with the host immune system, and particularly their mechanisms of immune evasion and antagonism, should inform the development of next-generation vaccine candidates ([@R13]).

Several HuNoV proteins block host secretory pathways which could prevent cytokine secretion from infected cells ([@R14],[@R15]). However, the relevance of putative immune antagonism strategies cannot be easily addressed for HuNoVs due to the lack of an immunocompetent and genetically tractable animal model system: HuNoVs infect severely immunodeficient mice ([@R16]) but this is not a tenable system for dissecting host immune responses. They also infect gnotobiotic piglets and calves ([@R17],[@R18]) but the germ-free nature of these models reduces their utility for immunology studies. Finally, chimpanzees can be asymptomatically infected ([@R19]) but this research is now restricted. In light of these limitations in studying HuNoV infection in animal models, we and others take advantage of the availability of murine NoVs (MuNoVs) ([@R20]). The strengths and weaknesses of this model system have been recently reviewed in detail ([@R21]). Particularly relevant to our study are the similarities between immune responses to HuNoVs and MuNoVs: They are all modestly inflammatory ([@R18],[@R22]--[@R27]) and certain strains fail to elicit robust protective immunity ([@R7]--[@R9],[@R28],[@R29]). Several immune antagonism strategies have been identified using the MuNoV model system and their functions confirmed to influence in vivo infections: First, the MuNoV virulence factor 1 (VF1) protein blocks cytokine expression and prevents apoptosis of infected macrophages; this activity regulates MNV-1 virulence ([@R30]). Second, the MuNoV minor structural protein VP2 prevents upregulation of antigen presentation molecules in infected macrophages; this activity regulates protective immunity induction ([@R28]).

MuNoVs are well-established to infect macrophages and dendritic cells ([@R31]), and there is evidence that this is also true for HuNoVs although this has not been replicated in vitro ([@R16],[@R19],[@R32],[@R33]). We recently demonstrated that HuNoVs and MuNoVs also infect B cells ([@R34],[@R35]). Considering the ability of the MuNoV VP2 protein to regulate antigen presentation in macrophages in a virus strain-specific manner ([@R28]), we were interested to determine whether VP2 similarly regulates antigen presentation by B cells. Indeed, we have revealed that the MuNoV VP2 protein can block upregulation of antigen presentation molecules in B cells. Surprisingly though, this antagonist strategy did not correlate with protective immunity induction but instead prevented the activation of cytotoxic CD8^+^ T cells that were critical in controlling acute MuNoV infection. Thus, VP2 regulation of antigen presentation occurs in a cell type- and virus strain-specific manner: The MNV-1 VP2 protein blocks antigen presentation in macrophages and this suppresses protective immunity induction ([@R28]); whereas the MNV-3 VP2 protein blocks antigen presentation in B cells and this prevents acute control (shown herein). The cell type specificity of VP2 immune antagonist activity thus dictates the overall immune outcome to a NoV infection and could be modulated to enhance the immunogenicity of next-generation vaccines.

RESULTS {#S2}
=======

MNV-1, but not MNV-3, stimulates B cells to upregulate antigen presentation molecules {#S3}
-------------------------------------------------------------------------------------

Our previous results revealed that a MuNoV strain called MNV-3 stimulates antigen presentation by infected macrophages, resulting in the induction of robust protective immunity mediated by antiviral antibody and CD4^+^ T cells; whereas another strain called MNV-1 blocks antigen presentation in macrophages and thus fails to elicit robust protective immunity ([@R28]). We recently identified B cells as an additional target of NoV infection ([@R34],[@R35]). Thus, we predicted a similar virus strain-specific phenotype would be observed in infected B cells which can also serve as antigen presenting cells (APC). To test this, we measured levels of antigen presentation molecules on infected B cells in vitro taking advantage of the fact that the M12 B cell line is comparably permissive to MNV-1 and MNV-3 infections ([@R34]). To our surprise, MNV-1 infection stimulated M12 cells to upregulate MHC class I as well as the co-stimulatory molecules CD40, CD80, and CD86 on their surface ([Fig. 1A](#F1){ref-type="fig"}, **gray bars**). Surface expression of MHC class II molecules was not significantly upregulated by MNV-1 infection, although there was a similar trend compared to the other markers. None of the markers were upregulated when UV-inactivated MNV-1 was inoculated onto M12 cells (data not shown), demonstrating that viral replication was required for M12 cell maturation. In contrast to results with MNV-1, MNV-3 failed to stimulate surface expression of any antigen presentation molecule above basal levels ([Fig. 1A](#F1){ref-type="fig"}, **white bars**). These results are in direct opposition to our previous results in RAW 264.7 macrophages ([@R28]). Because of the surprising nature of these findings, we performed parallel M12 and RAW 264.7 cell infections with MNV-1 and MNV-3 and confirmed that MNV-1 induced upregulation of antigen presentation molecules on B cells whereas MNV-3 induced their upregulation on macrophages ([Fig. 1B](#F1){ref-type="fig"}, relative MHC class I expression on infected cells compared to mock-inoculated cells shown as a representative marker). We next tested whether MNV-1 and MNV-3 caused B cells to upregulate antigen presentation molecules during an in vivo infection. The same trend noted during M12 infections was observed in B6 mice: MNV-1 infection stimulated surface expression of MHC class I and CD86 on Peyer's patch CD19^+^ B cells at 2 days post-infection (dpi) ([Fig. 1C](#F1){ref-type="fig"}, **gray bars**); although MNV-3 infection also upregulated MHC class I and CD86 on B cells, the levels were significantly lower than those induced by MNV-1 ([Fig. 1C](#F1){ref-type="fig"}, **white bars**). Neither virus strain caused an upregulation of MHC class II, CD40, or CD80 which may due to the fact that upregulation of these molecules on B cells in vivo generally requires CD40 engagement with its cognate receptor on activated CD4^+^ T cells ([@R36]). These data suggest that Peyer's patch B cells upregulate certain antigen presentation molecules early after MuNoV infection in the absence of CD4^+^ T cell help, and the magnitude of upregulation is virus strain-specific.

Considering that MNV-1 does not induce robust protective immunity ([@R28],[@R29]), we hypothesized that stimulation of B cell-mediated antigen presentation plays a critical role in acute control of infection in contrast to induction of memory immunity. To first determine whether overall MHC class I- or MHC class II-mediated antigen presentation contributes to acute control of MuNoV infection, we measured virus titers at 3 dpi in mice lacking β2 microglobulin (B2M) or MHC class II (MHC II) molecules ([Fig. 1D](#F1){ref-type="fig"}): MNV-1 titers were significantly higher in the distal ileum and mesenteric lymph nodes (MLNs), but not the colon, of B2M^−/−^ mice compared to wild-type B6 mice, demonstrating that MHC class I antigen presentation is required for early MNV-1 control in a tissue-specific manner. MNV-3 titers in B6 and B2M^−/−^ mice were comparable in all three tissues. Moreover, MHC II was dispensable for MNV-1 control. Collectively, these data are consistent with a role for virally induced MHC class I-mediated antigen presentation by B cells in controlling acute MuNoV infection. They also suggest that MNV-3 prevents this process, resulting in impaired early control of infection.

B cells control acute MuNoV infection in a virus strain-specific manner {#S4}
-----------------------------------------------------------------------

The data above demonstrate a correlation between upregulation of antigen presentation molecules specifically on B cells and MHC class I-dependent acute control of MuNoV infection. We next directly examined the role of B cells in controlling acute MuNoV infections by infecting B6 or B cell-deficient µMT mice with MNV-1 or MNV-3 and measuring virus titers during the time frame in which acute infection is controlled. MNV-1 titers were significantly higher in µMT mice than in B6 mice at all time points 3--14 dpi ([Fig. 2A](#F2){ref-type="fig"}). This phenotype was particularly notable at 3--5 dpi, where titers were markedly higher in the distal ileums 40-fold at 3 dpi and 21-fold at 5 dpi), MLNs 11-fold and 23-fold), and colons 10-fold and 6-fold) of µMT mice compared to their wild-type counterparts. B cells were also critical for MNV-1 clearance as indicated by residual virus titers at 7--14 dpi in µMT mice, but the phenotype was not as pronounced as at 3--5 dpi. In striking contrast, B cells played only a minor role in the control of acute MNV-3 infection: Distal ileum and colon titers were comparable in µMT and B6 mice at 3--5 dpi, and there was only a 4-fold increase in MLN titers of µMT mice at 3 dpi ([Fig. 2B](#F2){ref-type="fig"}). B cells did contribute modestly to MNV-3 control at 10--14 dpi but were not sufficient for clearance; this was expected since MNV-3 is capable of establishing a persistent infection in wild-type mice ([@R37],[@R38]). Collectively these data indicate a critical role for B cells in controlling MNV-1 infection at 3--5 dpi, a time point preceding an expected antiviral antibody response. Importantly, this early role played by B cells was active against MNV-1, but not MNV-3, infection and thus correlates with the upregulation of antigen presentation molecules on B cells.

Antiviral antibody production does not account for the function of B cells in controlling acute MNV-1 infection {#S5}
---------------------------------------------------------------------------------------------------------------

Considering that B cells had their most notable effect in controlling MNV-1 infection at 3--5 dpi and that we previously reported that MNV-3 induces a much more robust antiviral antibody response than MNV-1 ([@R28]), it seemed unlikely that antiviral antibody production accounted for the dramatically increased virus titers in MNV-1-infected µMT mice. However, it was still important to exclude the possibility that MNV-1 induces a very early antibody response that wanes at later times. To address this point, we compared the kinetics of the antiviral antibody response in B6 mice infected with either MNV-1 or MNV-3. Specifically, mice were infected with either 10^4^ ([Fig. 3A](#F3){ref-type="fig"}) or 10^7^ ([Fig. 3B](#F3){ref-type="fig"}) TCID~50~ units MNV-1 or MNV-3. Fecal and serum samples were collected at 0, 1, 3, 5, 7, 14, 21, and 28 dpi and analyzed for virus-specific antibody. As expected based on our previous results ([@R28]), MNV-3 elicited significantly higher levels of fecal IgA, serum IgM, serum IgA, and serum IgG than MNV-1 under both dose conditions. The kinetics of the antibody responses generated to the two virus strains were similar: Antiviral serum IgM was generally detectable by 3 dpi and peaked at 7 dpi although overall levels of this isotype remained modest throughout infection. Antiviral serum IgG was detectable at 5--7 dpi and levels continued to increase through 28 dpi. Serum and fecal IgA were detectable at 7--14 dpi and continued to increase through 28 dpi. Although there was detectable antiviral IgM and IgG in the serum of infected mice at 3--5 dpi, levels were expectedly very low and more importantly they were not higher in MNV-1-infected mice than in MNV-3-infected mice. Therefore, we conclude that these modest levels of virus-specific antibodies were unlikely to account for the increased MNV-1 titers observed in µMT mice.

MNV-1, but not MNV-3, induces cytotoxic CD8^+^ T cells that function during acute infection {#S6}
-------------------------------------------------------------------------------------------

Because we observed a role for B2M molecules in MNV-1 control ([Fig. 1D](#F1){ref-type="fig"}), we speculated that B cells act as APC to stimulate CD8^+^ T cells in response to MNV-1 infection. To test this, we first measured virus titers in CD8^−/−^ mice at 3 dpi. Precisely phenocopying results in B2M^−/−^ mice, MNV-1 titers were higher in the distal ileum and MLNs, but not colon, of CD8^−/−^ mice compared to B6 mice; whereas no difference was observed in any tissue of MNV-3-infected mice ([Fig. 4A](#F4){ref-type="fig"}). Because of its critical role as a cytotoxic effector molecule produced by CD8^+^ T cells, we next measured the production of granzyme B (GrB) in various cell types in the Peyer's patches of infected mice. MNV-1 induced Peyer's patch CD8^+^ T cells to express GrB at 3 dpi while MNV-3 did not, as reflected by both an increased frequency of GrB- producing CD8^+^ T cells ([Fig. 4B](#F4){ref-type="fig"}, **left panel**) and a 4.5-fold increase in the total number of GrB^+^CD8^+^ T cells ([Fig. 4B](#F4){ref-type="fig"}, **right panel**). No GrB induction was observed in Peyer's patch NK1.1^+^ natural killer (NK) cells ([Fig. 4B](#F4){ref-type="fig"}) or CD4^+^ T cells or CD19^+^ B cells (data not shown) in response to either MNV-1 or MNV-3 infection. It was surprising to observe a critical role for CD8^+^ T cells at such an early time post-infection, raising the possibility that innate-like γδ CD8^+^ T cells that are abundant along the intestinal tract ([@R39]) mediate early control of MNV-1. While infection did not significantly alter the ratio of CD8^+^ T cell subsets in the Peyer's patches of infected mice (data not shown), the frequency of GrB-expressing αβ and γδ CD8^+^ T cells was higher in MNV-1-infected, but not MNV-3-infected, mice ([Fig. 4C](#F4){ref-type="fig"}, **left panel**). Considering that there are far more αβ CD8^+^ T cells in the Peyer's patches than γδ CD8^+^ T cells, we also analyzed the total number of each subset expressing GrB. Although MNV-1 induced GrB expression in both subsets, there were quantitatively more GrB-expressing γδ CD8^+^ T cells than αβ CD8^+^ T cells in the Peyer's patches at 3 dpi ([Fig. 4C](#F4){ref-type="fig"}, **right panel**).

To directly assess whether B cells are required for CD8^+^ T cell activation during acute MNV-1 infection, we tested whether activation occurred in B cell-deficient µMT mice. Because µMT mice do not develop Peyer's patches, we instead analyzed GrB levels in intestinal epithelial lymphocytes (IEL). Consistent with Peyer's patch results, there was a significant 3.2-fold increase in the number of GrB-producing CD8^+^ IEL in MNV-1-infected B6 mice ([Fig. 4D](#F4){ref-type="fig"}). In contrast, in spite of increased basal levels of GrB-producing CD8^+^ IEL in naïve µMT mice compared to naïve B6 mice, there was no appreciable increase induced by MNV-1 infection ([Fig. 4D](#F4){ref-type="fig"}), confirming that B cells are essential for activation. Consistent with a role for cytotoxic CD8^+^ T cells in MNV-1 acute control, significantly higher virus titers were detected in the distal ileum, MLNs, and colon of GrA/B^−/−^ mice compared to their wild-type 129 counterparts at 3 dpi ([Fig. 5A](#F5){ref-type="fig"}). Surprisingly though, perforin was dispensable for the early control of MNV-1 in all tissues ([Fig. 5B](#F5){ref-type="fig"}). Acute MNV-3 infection was not restricted by granzymes ([Fig. 5A](#F5){ref-type="fig"}) or perforin ([Fig. 5B](#F5){ref-type="fig"}). Altogether, these data illuminate a mechanism of innate immune control that requires B2M, B cells, granzymes, and CD8^+^ T cells, but not perforin, and that functions in a MuNoV strain-specific manner. Together with the observation that MNV-1 induced the expression of antigen presenting molecules on B cells ([Fig. 1A--C](#F1){ref-type="fig"}), our data support a model in which MNV-1-infected B cells present antigen on MHC class I molecules to stimulate cytotoxic CD8^+^ T cells that control acute infection. We next investigated why this immune mechanism is not stimulated by MNV-3.

The minor structural protein VP2 regulates antigen presentation molecule expression on B cells {#S7}
----------------------------------------------------------------------------------------------

We previously demonstrated that the viral minor structural protein VP2 regulates macrophage maturation in a MuNoV-specific manner ([@R28]) so we examined whether it similarly regulates B cell maturation. When M12 cells were infected with MNV-1 expressing the MNV-3 VP2 protein (MNV-1.3VP2), there was significantly less MHC class I, MHC class II, CD40, CD80, and CD86 upregulation compared to cells infected with parental MNV-1 ([Fig. 6A](#F6){ref-type="fig"}, compare gray to white bars). Likewise, there was significantly more upregulation on cells infected with MNV-3 expressing the MNV-1 VP2 protein (MNV-3.1VP2) compared to parental MNV-3 ([Fig. 6A](#F6){ref-type="fig"}, compare vertically striped to diagonally striped bars). VP2 did not fully account for the regulation of antigen presentation molecules on cultured B cells, as was previously observed for macrophage maturation ([@R28]). Thus, VP2 partially regulates MuNoV-induced maturation of B cells and macrophages. Remarkably our cumulative data here and in Zhu et al. ([@R28]) demonstrate that VP2 acts not only a virus strain-specific manner but also a cell type-specific manner, with the MNV-1 VP2 protein blocking maturation in macrophages ([@R28]) and the MNV-3 VP2 protein blocking maturation in B cells ([Fig. 6A](#F6){ref-type="fig"}). To test whether VP2 regulates B cell-mediated control of acute MuNoV infection, B6 and µMT mice were infected with parental and VP2 chimeric viruses and titers determined at 3 dpi. B cell-mediated control was less effective in the distal ileum, MLNs, and colon of mice infected with MNV-1.3VP2 compared to parental MNV-1 ([Fig. 6B](#F6){ref-type="fig"}). Reciprocally, B cells controlled MNV-3.1VP2 infection in the distal ileum and MLNs in contrast to parental MNV-3; although no control was observed in the colon ([Fig. 6C](#F6){ref-type="fig"}). Overall, these data demonstrate that VP2 regulates expression of antigen presentation molecules on B cells and B cell-mediated control of acute infection.

The intestinal microbiota does not contribute to the B cell-mediated control of acute MNV-1 infection {#S8}
-----------------------------------------------------------------------------------------------------

We and others have demonstrated that commensal bacteria enhance MuNoV infections in vivo ([@R34],[@R40],[@R41]), raising the possibility that the intestinal microbiota contributes to the virus strain-specific role of B cells in controlling acute MuNoV infection. To test this, we depleted the intestinal microbiota from B6 and µMT mice by administering a cocktail of four antibiotics (Abx) orally prior to viral infection. We have previously shown that Abx treatment of B6 mice results in a significant decrease in MuNoV titers at 1 dpi ([@R34]). Consistent with this, MNV-1 titers were reduced in Abx-treated B6 mice compared to PBS-treated B6 controls at 3 dpi ([Fig. 7](#F7){ref-type="fig"}). Titers were similarly reduced in Abx-treated µMT mice compared to untreated µMT controls. Importantly for our studies though, B cells contributed to the early control of MNV-1 even in the absence of commensal bacteria ([Fig. 7](#F7){ref-type="fig"}). Thus, we conclude that the B cell-mediated early control of MNV-1 infection occurs independent of the intestinal microbiota.

B cells play distinct roles during early and late primary MNV-1 infections {#S9}
--------------------------------------------------------------------------

Because µMT mice failed to clear MNV-1 infection by 14 dpi whereas B6 mice cleared infection by 7--10 dpi ([Fig. 2A](#F2){ref-type="fig"}), we questioned whether other immune factors contributing to MNV-1 control at 3 dpi would be similarly involved in viral clearance. Accordingly, we infected B6, µMT, CD8^−/−^, B2M, 129, and GrA/B^−/−^ mice with MNV-1 and measured virus titers at 14 dpi ([Fig. 8](#F8){ref-type="fig"}). Only B cells were required for MNV-1 clearance, distinguishing two independent functions for B cells in controlling and clearing acute MNV-1 infection. Neither of these functions was operational against MNV-3 infection in spite of the more robust antiviral antibody response elicited by this virus strain ([@R28]) (and [Fig. 3](#F3){ref-type="fig"}).

DISCUSSION {#S10}
==========

Our collective data presented in this study are consistent with a model in which B cells act as APC to activate CD8^+^ T cells that function through a granzyme-dependent, perforin-independent mechanism to control MNV-1 infection at 3--5 dpi. This immune mechanism is not activated by the closely related MNV-3. When considering our observations in this study together with protective immunity findings in Zhu et al. ([@R28]), our data illuminate an inverse correlation between control of acute MuNoV infection and protective immunity induction -- MNV-1 induces an immune response(s) requiring B cells, B2M, CD8^+^ T cells, and granzymes that controls acute infection but it fails to induce robust protective immunity; conversely, MNV-3 fails to activate the early immune response(s) required for controlling acute infection but it does induce robust protective immunity dependent on antiviral antibody-secreting B cells and CD4^+^ T cells. Considering the high genetic similarity of MNV-1 and MNV-3, it is remarkable that they display such striking differences in immune outcome. It is important to recognize that HuNoV strains display much more substantial genetic diversity so it is possible that they display an even broader range of interactions with the host immune system. The dichotomy of acute control versus protective immunity induction appears to be dictated by the nature of the APC, with B cells presenting antigen on MHC class I stimulating early immune control and macrophages presenting antigen on MHC class II stimulating protective immunity. Moreover, we have revealed a central role for the MuNoV VP2 protein in regulating the cell type specificity of antigen presentation. Future studies will probe the mechanism by which VP2 regulates surface expression of antigen presentation molecules in a virus strain-dependent and cell type-specific manner. This information could directly inform next-generation vaccine development because ablation of VP2 antagonist activity could dramatically enhance immunogenicity of live attenuated viral vaccines.

One factor that could contribute to the differential immune responses elicited by MNV-1 and MNV-3 is the efficiency with which they replicate along the intestinal tract. Specifically, MNV-3 titers in wild-type mice were \~1-log higher in the distal ileum and MLNs, and \~2-logs higher in the colon, than MNV-1 titers at 3 dpi (e.g., [Fig. 1D](#F1){ref-type="fig"}). However, several lines of evidence argue against this explanation: First, MNV-1 and MNV-3 titers are actually much more comparable at the peak of infection (i.e. slightly higher MNV-1 titers in the distal ileum and \~1-log higher MNV-3 titers in the colon at 1 dpi ([@R28])) so the titers measured at 3 dpi likely reflect differential immune control in contrast to a difference in the inherent ability of the virus strains to replicate in the intestines. Second, our in vivo phenotypes pertaining to antigen presentation regulation are perfectly mirrored during in vitro infections of cultured RAW 264.7 cells ([@R28]) and M12 cells ([Fig. 1A](#F1){ref-type="fig"}) where MNV-1 and MNV-3 replication kinetics are identical ([@R34]). This is true for VP2 chimeric viruses as well, where we previously demonstrated that parental and chimeric viruses replicate with identical kinetics in vitro yet there are significant differences in the upregulation of antigen presentation molecules regulated by VP2 ([@R28]). Thus, differential in vivo replication efficiency is unlikely to account for the observed differences in immune response between MNV-1 and MNV-3.

The results reported in this study are generally consistent with previous findings in the field and extend our understanding of the immune response to primary MuNoV infections. For example, Chachu et al. previously reported that B cells control acute MNV-1 infection at 3 dpi ([@R42]). Our findings extend this observation by revealing virus strain specificity and by providing mechanistic insight into the role played by B cells at this very early time during infection. Specifically, our results support a role for B cells as APC to stimulate cytotoxic CD8^+^ T cells that control acute infection. Second, Tomov et al. demonstrated that antiviral CD8^+^ T cells are detectable by 8 dpi in MNV-1-infected mice and that this response is quantitatively and qualitatively superior to the CD8^+^ T cell response to another MuNoV strain called CR6 ([@R43]). Our results indicate a role for CD8^+^ T cells in MNV-1 control as early as 3 dpi so it will be critical in future studies to determine whether these T cells are virus-specific or instead are innate-like CD8^+^ T cells such as γδ T cells. Moreover, they suggest that suboptimal CD8^+^ T cell activation by certain MuNoV strains is related to antagonism of B cell maturation as APC.

Several additional important conclusions can be drawn from the results presented in this study. First, although B cells ([Fig. 2A](#F2){ref-type="fig"}) and granzymes ([Fig. 5A](#F5){ref-type="fig"}) were critical for MNV-1 control in the small and large intestines, B2M ([Fig. 1D](#F1){ref-type="fig"}) and CD8^+^ T cells ([Fig. 4A](#F4){ref-type="fig"}) were important for control in the distal ileum and MLNs that drain the small intestine but dispensable in the colon. These data illuminate a distinction in the immune mechanisms controlling MNV-1 infection in different regions of the intestine, adding to a growing body of evidence for intestinal immune compartmentalization ([@R44]). The MuNoV model system provides a unique opportunity to probe regional distinctions along the intestinal tract considering that MuNoV strains display variable preference for specific regions of the intestine \[e.g., MNV-1 reaches higher peak titers in the small intestine whereas MNV-3 reaches higher peak titers in the large intestine ([@R28])\]; and our and others' ([@R45]) results show that they are controlled by regionally variable immune responses. Second, our results provide general insight into the role of B cells as APC in stimulating CD8^+^ T cell responses: B cells are well-established APC but they predominantly present peptides in complex with MHC class II molecules to CD4^+^ T cells following internalization of antigens bound by the B cell receptor ([@R36]). There is increasing interest in understanding the capacity of B cells to prime CD8^+^ T cell responses because of their potential use in cell-based immunotherapy \[e.g., ([@R46],[@R47])\]. We revealed that B cells can rapidly activate CD8^+^ T cells in the apparent absence of CD4^+^ T cell activation when they are infected with a cytosolic RNA virus. Third, we demonstrated that granzymes contribute to MNV-1 early control ([Fig. 5A](#F5){ref-type="fig"}) while perforin is dispensable ([Fig. 5B](#F5){ref-type="fig"}). Although granzymes are most well-established to function in concert with perforin to induce apoptosis of target cells, they are increasingly recognized to have perforin-independent functions that include direct cleavage of viral proteins, cleavage of cell surface receptors and extracellular matrix components, and induction of proinflammatory cytokines ([@R48]--[@R51]). Future studies will probe the precise mechanism of granzyme-mediated control of MNV-1 infection along the intestinal tract. Finally, we revealed that B cells play a distinct role in MNV-1 clearance at 7--14 dpi that does not require B2M, CD8, or granzymes ([Fig. 8](#F8){ref-type="fig"}). While it is tempting to speculate that this role for B cells involves their production of antiviral antibody, MNV-3 induces a stronger antibody response yet it is not cleared acutely but instead establishes persistence ([@R28],[@R37],[@R38]).

In conclusion, our findings demonstrate that two highly genetically related intra-cluster MuNoV strains possess distinct strategies to antagonize host immune responses. Although both viruses prevent upregulation of antigen presentation molecules on infected cells, they do so in a cell type-specific manner. While prevention of macrophage antigen presentation results in impaired protective immunity induction ([@R28]), prevention of B cell antigen presentation results in impaired control of acute infection. Remarkably, the viral VP2 protein responsible for this antagonist activity thus functions in a virus strain-dependent and cell type-specific manner. There are 18 amino acid differences between MNV-1 and MNV-3 VP2 proteins that could account for functional distinctions ([Fig. S1](#SD1){ref-type="supplementary-material"}); future studies will probe the contribution of individual residues in regulating antigen presentation in macrophages and B cells. Elucidating key viral and host mechanisms regulating the overall outcome of norovirus infections may inform future vaccine design.

METHODS {#S11}
=======

Cells and viruses {#S12}
-----------------

The M12, RAW 264.7, and 293T cell lines were maintained in Dulbecco\'s modified Eagle medium (Lonza) supplemented with 10% fetal calf serum (Sigma, Cat. \#F6178), 100 U penicillin/mL, and 100 µg/mL streptomycin. Stocks of recombinant MNV-1.CW3 (GenBank accession number KC782764) and MNV-3 (GenBank accession number KC792553), and the chimeric MNV-1.3VP2 and MNV-3.1VP2 viruses in which the ORF3 gene encoding VP2 was swapped between the two virus strains, were generated as described previously ([@R28]). Briefly, 10^6^ 293T cells were transfected with 5 µg infectious clone using Lipofectamine 2000 (Life Technologies), cells were freeze-thawed after 1 d, lysates titrated with a standard TCID~50~ assay ([@R52]), and RAW 264.7 cells infected at MOI 0.05. RAW 264.7 lysates were freeze-thawed when cultures displayed 90% cytopathic effect and supernatants were clarified by low-speed centrifugation followed by purification through a 25% sucrose cushion. A mock inoculum stock was prepared in parallel using RAW 264.7 lysate from uninfected cultures. The viral genomes of stocks were sequenced completely to confirm no mutations arose during stock generation.

M12 cell infection and flow cytometry {#S13}
-------------------------------------

M12 cells inoculated with mock inoculum; recombinant MNV-1, MNV-1.3VP2, MNV-3, or MNV-3.1VP2 at MOI 5; or UV-inactivated MNV-1 or MNV-3 were incubated at 37°C for 2 d and then stained with antibodies directed against MHC class I, MHC class II, CD40, CD80, and CD86 (eBioscience). RAW 264.7 cells were infected for 1 d prior to flow cytometry based on its more rapid replication kinetics ([@R34]). Matched isotype controls were used for all antibodies to set gates. Flow cytometric analysis was performed on a FACSCalibur instrument (BD Biosciences) and data were analyzed using FCS Express 4 software.

Mice and infections {#S14}
-------------------

Specific-pathogen-free (SPF) mice used in this study were bred and housed in animal facilities at the University of Florida. Wild-type B6 mice (Jackson \#000664) and the following knockout strains on the B6 background were used in these studies: B cell-deficient (µMT, Jackson \#002288), perforin-deficient (Pfn^−/−^, Jackson \#002407), CD8-deficient (CD8^−/−^, Jackson \#002665), B2M-deficient (B2M^−/−^, Jackson \#002087), and MHC class II-deficient (MHC II^−/−^, Jackson \#003584) strains. Wild-type 129X1/SvJ mice (129, Jackson \#000691) and granzyme A/B-deficient mice on a 129 background (GrA/B^−/−^, Jackson \#010608) were also used. For all acute infection experiments, six- to eight-week old, sex-matched mice were inoculated perorally (p.o.) with 10^7^ TCID~50~ units of the indicated virus strain in 25 µl inoculum, unless otherwise indicated. For virus load determination, tissue samples were harvested at the indicated time points and titrated by plaque assay, as previously described ([@R27],[@R53]). The intestinal microbiota was depleted from mice as described previously ([@R34]). Briefly, mice were administered daily a cocktail of 10 mg each of ampicillin (Acros Organics), neomycin (Sigma), metronidazole (Acros Organics), and vancomycin (Fisher Scientific) via oral gavage for five days. After day five, antibiotics (Abx) were added to the drinking water at a concentration of 1 g/L for ampicillin, metronidazole, and neomycin and 500 mg/L for vancomycin. To confirm efficient depletions, fecal samples were collected from mice at the fifth day of gavage, homogenized, plated on brain-heart infusion agar with 10% sheep blood, and cultured under anaerobic conditions at 37°C for 2 d followed by aerobic conditions at 37°C for 1 d. Abx were maintained in the drinking water throughout the entire experiment and the infections were only carried out after the Abx-treated animals were verified to be free of detectable intestinal bacteria.

Peyer's patch and intestinal epithelial lymphocyte (IEL) isolations and flow cytometry {#S15}
--------------------------------------------------------------------------------------

Peyer's patches were dissected from small intestines and single cell suspensions were generated by grinding the tissues through a 70-µm cell strainer in 3 mL RPMI medium supplemented with 10% fetal bovine serum. IEL were isolated using a protocol adapted from Graves et al. ([@R54]). After removal of fat and Peyer's patches from the small intestine, the tissue was opened longitudinally, washed with cold PBS, cut into 1--2 cm long pieces, and placed into 35 mL ice-cold Mg^2+^- and Ca^2+^ - free Hank's Balanced Salt Solution (HBSS) wash buffer supplemented with 100 U penicillin, 100 µg/mL streptomycin, and 0.5 mM dithiothreitol (DTT). The tissue was then inverted vigorously ten times and allowed to settle for 1 min. The supernatant was collected and the intestinal tissue was washed an additional four times. The combined supernatant was centrifuged at 100 g for 2 min to remove large tissue debris, passed over a 100-µm cell strainer, centrifuged at 400 g for 10 min, and the pellet resuspended in complete RPMI. The resulting IEL suspension was filtered through a 70-µm cell strainer and subjected to flow cytometric analysis. For flow cytometry, cells were resuspended in 1X PBS containing 5% sodium azide, 5% BSA, and Fc Block antibody (anti-mouse CD16/32 purified, cat. \#14-0161-86, eBioscience) to a final concentration of 2 × 10^7^ cells per mL. After a 30 min incubation, cells were stained for surface markers using antibodies to CD19, MHC class I, MHC class II, CD40, CD80, CD86, CD4, CD8, NK1.1, TCR β chain, or TCR δ chain (BD Biosciences). Cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) and stained for intracellular granzyme B (GrB). Matched isotype controls were used for all antibodies and used to set gates. Flow cytometry and data analysis was performed as mentioned above.

Virus-specific ELISA {#S16}
--------------------

Serum samples were collected by submandibular puncture and fecal pellets (0.05 g) were collected into 0.5 mL PBS containing protease inhibitor cocktail (Sigma), homogenized, and centrifuged to generate a fecal lysate. Serum samples and fecal lysates were subjected to a virus strain-specific ELISA that has been previously described ([@R53],[@R55]). In brief, 96-well plates were coated with 250 ng MNV-1 or MNV-3 recombinant VP1/VP2 (rVP1/2) protein and incubated overnight at 4°C. Serum samples diluted 1:20 and fecal lysates diluted 1:10 were applied, followed by anti-mouse IgA for fecal lysates or anti-mouse IgM, IgG, or IgA for serum samples. Each secondary antibody was conjugated to horseradish peroxidase (HRP). The ABTS \[2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid\] substrate was added and absorbance values read at 415 nm using a Spectramax M2 plate reader. A standard curve was generated for each plate using serial dilutions of a positive control MNV-1 or MNV-3 serum sample to ensure plate-to-plate consistency.

Statistical Analyses {#S17}
--------------------

All data were analyzed with GraphPad Prism software. Error bars denote standard deviation in all figures and *P* values were determined using two-tailed Student's t-tests for flow cytometry data and Mann-Whitney tests for tissue titer comparisons (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).

Supplementary Material {#SM}
======================
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![MNV-1, but not MNV-3, induces B cells to upregulate antigen presentation molecules\
**A)** Duplicate wells of M12 cells were inoculated with mock inoculum (black bars), MNV-1 (gray bars), or MNV-3 (white bars) at MOI 5. At 2 dpi, cell were stained with antibodies to MHC I, MHC II, CD40, CD80, and CD86. Flow cytometry was carried out as described in the Methods and isotype control antibodies were used to set gates. The experiment was repeated three times and data from all experimental replicates were averaged. Statistical comparisons were made between mock and each virus strain; and MNV-1 and MNV-3. **B)** The same experiment described for panel A was repeated two additional times, performing parallel M12 and RAW 264.7 cell infections. RAW 264.7 cells were stained for surface markers at 1 dpi because of the faster viral replication kinetics in this cell line. Data for MHC I levels are presented as the fold-difference in expression on infected cells compared to mock-inoculated cells. The same trend (increased expression on MNV-1-infected M12 cells and MNV-3-infected RAW 264.7 cells) was observed for MHC II, CD40, CD80, and CD86 as well (data not shown). **C)** Groups (n = 2) of B6 mice were mock-inoculated (black bars) or infected p.o. with 10^7^ TCID~50~ units MNV-1 (gray bars) or MNV-3 (white bars). At 2 dpi, Peyer's patches were dissected, pooled for each mouse, and single cell suspensions were generated. Cells were stained for CD19, MHC I, MHC II, CD40, CD80, and CD86 and assessed by flow cytometry. Data are reported as the percentage of CD19^+^ cells expressing each antigen presentation molecule. The experiment was repeated three times and data from all experimental replicates were averaged. Statistical comparisons were made between mock and each virus strain; and MNV-1 and MNV-3. **D)** Groups of B6 (black bars), B2M^−/−^ (gray bars), and MHC II^−/−^ (white bars) mice were infected p.o. with 10^7^ TCID~50~ units MNV-1 or MNV-3, as indicated on the *x*-axis. At 3 dpi, the indicated tissues were dissected and viral titers were determined by plaque assay. The data are reported as pfu/g of tissue and the data for all mice per group (n = 6--8 mice over three experiments) are averaged. Dashed lines indicate the limit of detection for each tissue. B6 mice were compared to B2M^−/−^ and MHC II^−/−^ strains, and B2M^−/−^ and MHC II^−/−^ were compared to each other, for statistical purposes for each virus strain.](nihms756117f1){#F1}

![B cells control acute MNV-1, but not MNV-3, infection\
Groups of B6 (gray bars) and µMT (white bars) mice were infected p.o. with 10^7^ TCID~50~ units MNV-1 **(A)** or MNV-3 **(B)**. At 3, 5, 7, 10 and 14 dpi, the indicated tissues were dissected and virus titers were determined by plaque assay. The data are reported as pfu/g of tissue and the data for all mice per condition (n = 5--9 mice over three experiments) are averaged. Dashed lines indicate the limit of detection for each tissue. The two mouse strains were compared at each time point for each tissue for statistical purposes.](nihms756117f2){#F2}

![Antiviral antibody responses do not account for B cell-mediated control of MNV-1 infection\
Groups of B6 mice were infected p.o. with either 10^4^ TCID~50~ units **(A)** or 10^7^ TCID~50~ units **(B)** of MNV-1 (black lines) or MNV-3 (gray lines). At 0, 1, 3, 5, 7, 14, 21, and 28 dpi, fecal pellets and serum were collected from each mouse. Virus-specific antibody was detected by standard ELISA using an anti-mouse IgA secondary antibody for fecal lysates, and anti-mouse IgM, IgG, and IgA secondary antibodies for serum samples. The data are reported as the averaged absorbance readings for all mice per condition (n = 6 mice over two experiments) subtracted by the absorbance of samples collected at 0 dpi. The two virus strains were compared at each time point for statistical purposes.](nihms756117f3){#F3}

![Cytotoxic CD8^+^ T cells control acute MNV-1, but not MNV-3, infection\
**A)** Groups of B6 (black bars) and CD8^−/−^ (white bars) mice were infected p.o. with 10^7^ TCID~50~ units MNV-1 or MNV-3. At 3 dpi, the indicated tissues were dissected and viral titers were determined by plaque assay. The data are reported as pfu/g of tissue and the data for all mice per group (n = 6--8 mice over three experiments) are averaged. Dashed lines indicate the limit of detection for each tissue. The two mouse strains were compared for each tissue and virus strain for statistical purposes. **B)** Peyer's patch cell suspensions prepared from groups (n = 2--3) of mock-inoculated B6 mice (black bars), or B6 mice infected p.o. for 3 d with 10^7^ TCID~50~ units MNV-1 (gray bars) or MNV-3 (white bars), were stained for surface CD8, NK1.1, CD4, or CD19 and intracellular granzyme B (GrB). The experiment was repeated five times for a total of 13 replicates per condition. The data are presented as the percentage of the indicated cell populations expressing GrB in the left panel; no GrB was detected in CD4^+^ and CD19^+^ populations (data not shown). The data are presented as total numbers of GrB-producing CD8^+^ T cells in the right panel. **C)** Peyer's patch cell suspensions were stained for surface CD8 and the TCR β chain (as an indication of αβ T cells) or the TCR δ chain (as an indication of γδ T cells), and intracellular GrB. The overall frequencies of αβ and γδ CD8^+^ T cells expressing GrB are presented in the left panel. The total numbers of the GrB-expressing subsets are presented in the right panel. In panels B and C, the mock group was compared to each virus group, and the two virus groups were compared, for statistical purposes. **D)** IEL prepared from mock-inoculated (black bars) and MNV-1-infected (gray bars) wild-type B6 and B cell-deficient µMT mice at 3 dpi were stained for surface CD8 and intracellular GrB. The experiment was repeated six times for a total of 6 replicates per condition. The data are presented as the total number of GrB-producing CD8^+^ IEL per condition. The mock group was compared to the infected group for each mouse strain for statistical purposes.](nihms756117f4){#F4}

![The control of acute MNV-1 infection requires granzymes but not perforin\
**A)** The same experiment described in [Fig. 4A](#F4){ref-type="fig"} was performed on groups of 129 (black bars) and granzyme A/B^−/−^ (GrA/B^−/−^; white bars) mice (n = 6 mice per group over two experiments). **B)** The same experiment as described in [Fig. 4A](#F4){ref-type="fig"} was performed using B6 (black bars) and perforin^−/−^ (Pfn^−/−^; white bars mice) (n = 6 mice per group over two experiments).](nihms756117f5){#F5}

![The VP2 protein regulates antigen presentation in B cells and B cell-mediated control of acute MNV-1 infection\
**A)** Duplicate wells of M12 cells were inoculated with mock inoculum (black bars), MNV-1 (dark gray bars), MNV-1.3VP2 (white bars), MNV-3 (hatched bars, vertical lines), or MNV-3.1VP2 (hatched bars, diagonal lines) at MOI 5. At 2 dpi, cell were stained with antibodies to MHC I, MHC II, CD40, CD80, and CD86. Flow cytometry was carried out as described in the Methods and isotype control antibodies were used to set gates. The experiment was repeated three times. For all markers, the data from all experimental replicates are averaged. Statistical comparisons were made between each parental and chimeric pair. **B, C)** Groups of B6 (gray bars) and µMT (white bars) mice were infected p.o. with 10^7^ TCID~50~ units MNV-1 or MNV-1.3VP2 **(B)**, or MNV-3 or MNV-3.1VP2 **(C)**. At 3 dpi, the indicated tissues were dissected and viral titers were determined by plaque assay. The data are reported as pfu/g of tissue and the data for all mice per group (n = 5 mice over two experiments) are averaged. Dashed lines indicate the limit of detection for each tissue. The fold-change in averaged virus titers comparing B6 to µMT for each virus strain is indicated above each set of bars.](nihms756117f6){#F6}

![The B cell-dependent control of acute MNV-1 infection occurs independent of the intestinal microbiota\
Groups of B6 (gray bars) and µMT (white bars) mice were orally administered PBS or a cocktail of Abx, as described in the Methods and indicated on the *x*-axis. Both groups were then infected p.o. with 10^7^ TCID~50~ units MNV-1. At 3 dpi, the indicated tissues were dissected and viral titers were determined by plaque assay. The data are reported as pfu/g of tissue and the data for all mice per group (n = 8--11 mice over four experiments) are averaged. Dashed lines indicate the limit of detection for each tissue. Statistical comparisons were made between B6 mice and µMT for each condition.](nihms756117f7){#F7}

![The role of B cells in MNV-1 clearance is independent of CD8^+^ T cells, B2M, and GrA/B\
Groups of B6 (black bars), µMT (dark gray bars), CD8^−/−^ (light gray bars), B2M^−/−^ (white bars), 129 (white hatched bars), and GrA/B^−/−^ (gray hatched bars) mice were infected p.o. with 10^7^ TCID~50~ units MNV-1. At 14 dpi, the tissues indicated on the *x*-axis were dissected and viral titers determined by plaque assay. The data are reported as pfu/g of tissue and the data for all mice per group (n = 5 per condition over two experiments) are averaged.](nihms756117f8){#F8}
